Studies performed on iron-deficient and control rats demonstrated that oxidative energy production (phosphorylation) by mitochondria from iron-deficient red and intermediate skeletal muscles was greatly reduced with pyruvate-malate, succinate, and a-glycerophosphate as substrates. Although phosphorylation was also decreased in iron-deficient white skeletal muscle with succinate and pyruvate-malate as substrates, no change was found with a-glycerophosphate as substrate.
INTRODUCTION
Previously, we (4, 6) have shown that a limited running ability due to iron deficiency in rats may result from decreased levels in skeletal muscle mitochondria of a-glycerophosphate oxidase, and NADH and succinic oxidases which are all iron-containing enzymes and components of the terminal electron transport systems. Studies by other investigators (2, 9) suggest that the mitochondrial a-glycerophosphate system in mammals is present mainly in skeletal muscle containing pale muscle fibers (white muscle) and to a much lesser degree in muscle containing mostly red fibers (red and intermediate muscle). It is well established that the work capacity of an animal is dependent on the slower contracting red and intermediate types of muscle, and not on the fast contracting white muscle which is important for quick movements but not sustained activity (7) . It was of interest therefore to determine the effects of iron deficiency on the terminal oxidase systems in mitochondria from the different muscle types of rats so as to establish whether the systems are of importance in work performance in iron-deficient rats.
MATERIALS AND METHODS
Male Sprague-Dawley rats were obtained at 4 wk of age, 1 wk after weaning. Iron deficiency was induced by feeding the animals a low iron diet, prepared in our laboratory as described by ICN Nutritional Biochemicals, Cleveland, OH, that contained 5-8 mg/kg iron. After 6 wk on this diet, hemoglobin concentrations were determined and studies performed only on rats with hemoglobin concentrations of less than 7 g/100 ml blood. Previously, we have shown that the low hemoglobin concentrations found in rats fed the low iron diet were accompanied by greatly lowered levels of plasma iron and increased total iron binding capacity and that the anemia was of a microcytic type (4, 5, 14) . The control groups were fed the low iron diet during the experimental period, but received weekly intraperitoneal injections of 5 mg of iron in the form of iron dextran (Imferon, MerrellNational Labs). All animals were allowed food and water ad libitum. The iron-deficient rats consumed over 90% of the amount of diet eaten by the control animals and on the average were only approximately 5% smaller by weight than the control animals. This suggests that severe caloric malnutrition was not present.
Rats were killed by cervical dislocation. The muscles of the hind and fore legs were removed and separated into red, white, and intermediate types. Muscle mitochondria were prepared from the three types of muscle as described by Makinen and Lee (1 2). Oxidative phosphorylation was studied polarographically at 25°C with a Clark oxygen electrode (Yellow Springs Instrument Co., Yellow Springs, OH) fitted to a closed glass thermostated chamber (Gilson Medical Electronics Inc., Middleton, WI) as described previously (3, 6, 8) .
ADP content of standard solutions was determined by the method of Adam (1). Protein was determined by the method of Lowry et al. (lo) , and hemoglobin was determined as cyanmethemoglobin with standards employed for calibration (Hycel, Inc., Houston, TX). Statistical analyses were performed by standard methods of variance as described by Snedecor and Cohran (1 5).
Crystalline bovine serum albumin (fraction V), ADP, Tris, and EDTA were obtained from Sigma Chemical Co., St. Louis, MO. Nagase was obtained from Biddle Sawer Corp., New York.
RESULTS AND DISCUSSION
Mitochondria isolated from the distinct types of skeletal muscle from control and iron-deficient rats were studied for their ability to perform oxidative phosphorylation with pyruvate-malate, succinate, and a-glycerophosphate as substrates. As shown in Table 1 , mitochondria prepared from the different muscle types of control animals phosphorylated well with all of the substrates as shown by high ADP:O ratios and high values for the respiratory control index which measures how well oxygen utilization is coupled to phosphorylation in the preparations. Rates of phosphorylation (as measured by ADP esterification) were higher in red and intermediate control muscle mitochondria than in white muscle mitochondria with pyruvate-malate and succinate as substrates; however, with a-glycerophosphate as substrate rates of phosphorylation by mitochondria from red muscle were moderately but not greatly lower (approximately 35%) than rates of phosphorylation by intermediate and white muscle mitochondria. Mitochondria1 preparations from all muscle types of iron-deficient animals had markedly reduced abilities to phosphorylate and were not as well coupled as control mitochondria as shown by reduced values for the respiratory control index and decreased rates of ADP esterification when pyruvatemalate and succinate were used as substrates (Table 1) . Rates of phosphorylation were also significantly reduced in red and intermediate iron-deficient muscle with a-glycerophosphate as substrate, but not in white muscle where the rate of ADP esterification remained unchanged from control values.
In conclusion, oxidative energy production by mitochondria from red and intermediate muscle (slow contracting muscle necessary for sustained activity and work performance) from iron-deficient rats was markedly and significantly reduced as 500 MACKLER ET AL. A D P esterified *The mean hemoglobin concentrations o f t h e control a n d iron-deficient rats were 14.9 + 0.2 a n d 5.6 + 0.1 (+SE), respectively. t Activities were defined as follows: A D P esterified: p m o l A D P phosphorylated per m i n u t e per milligram of protein; R C I (respiratory control index) was calculated as t h e ratio of State 3 rate of oxidation t o State 4 rate o f oxidation. All values represent t h e m e a n s o f data from a t least eight separate experiments + t h e SE. measured by rates of phosphorylation with pyruvate-malate, succinate and a-glycerophosphate as substrate. The results are in accord with findings in our previous studies on preparations from unseparated pooled muscle (1, 2, 4, 6) and with the more recent reports of other workers (1 1, 13, 14, 15) . These results suggest strongly that iron deficiency results in defective oxidative energy metabolism in red and intermediate skeletal muscle with greatly decreased production of ATP, and decreased activity of the a-glycerophosphate shuttle which is necessary for the conversion of cytoplasmic NADH to NAD and continued operation of glycolysis. These metabolic alterations result in excess lactate formation, which at high levels leads to cessation of physical activity (4) . It is of interest that the a-glycerophosphate shuttle is not affected in white muscle (which is not of importance in prolonged physical activity) although ATP formation by NADH and succinate is markedly decreased.
